A link between autoimmune responses and cancer via autoantibodies was first described in the 1950s. Since, autoantibodies have been studied for their potential use as cancer biomarkers, however the exact causes of their production remain to be elucidated. This review summarizes current theories of the causes of autoantibody production in cancer, namely: 1) defects in tolerance and inflammation, 2) changes in protein expression levels, 3) altered protein structure, and 4) cellular death mechanisms. We also highlight the need for further research into this field to improve our understanding of autoantibodies as biomarkers for cancer development and progression.
Introduction
The production of autoantibodies (AAbs) is believed to reflect greater immunologic reactivity in cancer patients and enhanced immune surveillance for cancer cells [1] . Since tumors originate from autologous cells containing self-antigens, it has been suggested that it is the abnormal exposure or presentation of these antigens that facilitates an autoimmune response [2] .
Over the last few decades, AAbs have become of particular interest as cancer biomarkers as they can be easily extracted from serum via minimally invasive blood collection. Moreover, they exhibit increased levels in very early cancer stages [3] and are observed in patients with several carcinomas, including breast [4] , lung [5] , gastrointestinal [3] , ovarian [6] , and prostate [7] . What is more, their production may precede clinical confirmation of a tumor by several months or years [8] . Notably, one of the first historical reports of anti-tumor protein p53 (p53) antibodies indicated that the AAbs were detectable as early as 17-47 months prior to clinical tumor manifestation in uranium workers at high risk of lung cancer development [9] . Detection of AAbs has also been reported during the transition to malignancy [10] . Furthermore, AAbs may be valuable biomarkers as they are stable serological proteins [11] with high levels in serum despite low levels of the corresponding antigen [12] . Additionally, they persist for extended periods after the corresponding antigen is no longer detectable [6] , at lasting concentrations and with long half-lives in blood, due to limited proteolysis and clearance from the circulation [13] , making sample handling less arduous.
Studies have focused primarily on identifying AAbs as biomarkers rather than investigating the underlying causes of their production. However, the latter may reveal clues to the mechanisms involved rendering autologous proteins immunogenic. Such studies could not only lead to the development of novel biomarker assays, but also to the identification of novel therapeutic targets.
At present, the existence of a specific anti-tumor immune response, referred to as "cancer immunome", indicates that tumors express antigens that are recognized as foreign by the host [11] . In the early stages of carcinogenesis, this immune response is thought to occur as a result of immune surveillance, the process by which the immune system recognizes and destroys autologous cells that have become cancerous [2, 11] . In fact, histological examination of tumor affected tissues revealed the presence of large populations of tissue resident and circulating T and B cells that participate actively in immune surveillance [14] .
As part of this surveillance, antigen presenting cells (APCs), i.e., dendritic cells, B cells, and macrophages, engulf, lyse, and present tumor-associated antigens (TAAs) on their cell surface for recognition by CD4+ helper T cells. Interaction between the APC and T helper cell triggers the APC release of cytokine and chemokine signals, resulting in T cell activation and proliferation. B cells with high affinity for a specific TAA encounter the antigen, engulf, lyse, and also display it on their cell surface for recognition and binding by activated T helper cells [15] . Lymphocyte recirculation into secondary lymphoid organs and peripheral tissue sites enhances this process, maximizing the frequency of transformed cell TAAs encountering naïve B cells. The binding of activated T cells to B cell displayed TAAs initiates further release of cytokines and chemokines leading to B cell proliferation. A vast number of B lymphocytes primed against the same antigen are produced, some of which will serve as memory cells and others as effector cells that differentiate into antibody producing plasma cells responsible for the systemic release of the appropriate antibody [16] . Antibody-TAA binding thus represents the end stage of the humoral mechanism capable of initiating the destruction of transformed cells containing the corresponding antigen by, for example, labeling them (via opsonization) for faster macrophage recognition and phagocytosis. Direct binding of antibodies to the antigen can also block receptors associated with tumor cell proliferation and survival and AAbs can drive antigen uptake via dendritic cell Fc gamma receptors, leading to antigen cross-presentation and vigorous CD4+ and CD8+ T cell responses, complement dependent cytotoxicity, and natural killer cell-mediated antibody-dependent cellular cytotoxicity [17] .
It is interesting to note that prolonged inflammation and the subsequent tissue destruction associated with autoimmune diseases [18] share many parallels with the humoral immune response to TAAs [19] . In fact, a repertoire of autoantibodies is shared by autoimmune conditions and cancer [20] . For example, 30% of all cancer patients have circulating anti-nuclear antibodies (ANAs) in their sera [21] , autoantibodies associated with Sjögren's syndrome, systemic sclerosis, and systemic lupus erythematosus (SLE), while these are generally absent or present at very low levels in healthy individuals [22] .
The exact factors that contribute to an enhancement or disturbance of immune surveillance leading to the production of autoantibodies in cancer are however still illusive, and the question remains as to how and why cellular components may be rendered immunogenic in cancer.
Here we summarize some of the major theories surrounding the production of autoantibodies in cancer ( Fig. 1) , including loss of tolerance, inflammation, and changes in antigen expression, as well as their altered exposure or altered presentation, reduced degradation, posttranslational modifications (PTMs), and their aberrant location or altered structure.
Tolerance defects and inflammation

Tolerance defects
Approximately half of the lymphocyte population present in generative lymphoid organs is capable of binding to autoantigens [20] . In order to eliminate self-reactive lymphocytes entering the general circulation, all immature lymphocytes must undergo a series of checkpoints with processes aimed at maintaining central tolerance (tolerance to self). Lymphocytes will only mature successfully if they are nonreactive to autologous antigens and possess functional polypeptide chains necessary to build a functional pre-antigen receptor, pre-BCR, and pre-TCR for B and T cells, respectively. Self-reactive lymphocytes are either eliminated, by negative selection via clonal deletion facilitated apoptosis [23] or converted into a non-reactive state of clonal anergy [24] . Alternatively, they may be preserved by positive selection, provided their antigen receptor alteration is induced, also known as receptor editing or revision [25] . Self-reactive B cells that have escaped primary developmental checkpoints are further controlled by additional peripheral checkpoints such as germinal center arrest [26] . However, the processes of maintaining central tolerance are complex and subject to error. For example, maintenance of clonal anergy is problematic as it requires constant receptor occupancy and signalling, and is easily reversed by dissociation of the corresponding self-antigen, resulting in anergic self-reactive B cells regaining responsiveness and potentially leading to the production of autoantibodies [27] . It is also believed that inappropriate survival of auto reactive lymphocytes by escape from clonal deletion results when their corresponding antigen is expressed at levels not high enough to induce clonal deletion [15, 16] .
Additionally, autoantibodies generated against autologous nuclear antigens are frequently found in cancer patient sera. Nuclear antigens are structurally disordered and their intrinsic proteolytic instability has been suggested to interfere with the binding efficiency to major histocompatibility complex (MHC) class II receptors throughout the elimination of self-reactive lymphocytes, enabling their escape from the primary lymphoid organs. Exposure of some autologous nuclear antigens to the immune system, i.e., following tumor cell lysis, may therefore result in the production of autoantibodies [28] .
Downregulation of regulatory T cells
High titers of AAbs have been associated with regulatory T cell (Treg) downregulation. In fact, delayed tumor growth due to a reduction of Tregs has been correlated with an increase in effector T helper cells, germinal center B cells, and high titers of autoantibodies [29] , such as anti-double-stranded DNA (dsDNA), ANAs, macrophage migration inhibitory factor (MIF), and angiopoietin 2 (Ang-2) antibodies, indicating a robust anti-tumor response in conjunction with cellmediated immune response mechanisms [30] .
In a recent study, Alvarez Arias et al. [30] utilized Qa-1 (HLA-E in humans) knock-in B6 Qa-1 D227 mice that harbor a point mutation in the MHC class Ib molecule, capable of impairing binding of CD8+ Treg subsets to the T cell receptor (TCR) leading to impairment of the Treg suppressive activity. B6-DK mice were inoculated with B16 melanoma cells engineered to express the "B16-OVA" ovalbumin transgene. Increased titers of anti-OVA antibodies and substantially delayed tumor growth were observed in transgenic mice compared to wild-type control mice. Furthermore, passive transfer of antibodies from the treated B6-DK mice into a new cohort of mice highlighted that these autoantibodies could curtail tumor growth, with 60% of these mice remaining tumor free. By contrast, mice treated with autoantibodies from B6 wild-type mice developed tumors over time [30] . Thus, the downregulation of Tregs and an imbalanced CD8+ Treg/T helper cell ratio in favor of the effector T helper cells appeared responsible for the increase in protective autoantibody production (Fig. 2) in this model [30] . It may be possible that the reduced production of Tregs or similar Treg downregulatory mechanisms exist in human melanoma or other cancers, rendering Treg/TCR binding ineffective and promoting autoantibody production in some cancer patients, with potential beneficial outcomes.
Inflammation
Autoimmune responses, such as the production of autoantibodies, may be part of a chronic inflammatory response toward cancer cells and are associated with an array of immunological pathways, including the release of several cytokines discussed in later sections. Inflammation may be maintained throughout the duration of the cancer and increases the permeability of the nearby vasculature, thereby enabling easier access of immune cells to the site of the malignancy [30] .
An induction of inflammation in the tumor microenvironment has been suggested to facilitate the release of intracellular antigens resulting in abnormal exposure of autologous antigens to the immune system, which may provide an explanation for the vast number of autoantibodies produced against intracellular antigens in cancer patients [28] . The tumor inflammatory microenvironment has therefore, along with changes in expression patterns of corresponding antigens, been regarded as one of the main causes of autoantibody production in cancer patients [31] . 
Changes in protein expression levels
Overexpression of the corresponding antigen
Most TAAs are non-mutated antigens that are produced at low levels in healthy cells and overexpressed during tumorigenesis, thus causing immunogenicity presumably by presentation of their antigenic peptides on human leukocyte antigen (HLA) class I molecules, at levels high enough to exceed the engaged TCR threshold required for CD4+ T cell activation, and thereby indirectly leading to antibody production against these autologous antigens [32] .
A recent study by Hong et al. [33] suggested that increased anti-centromere protein F (CENPF) autoantibody levels, detected in a cohort of hepatocellular carcinoma patients, were likely produced in response to the overexpression of the protein in these cancer cells. Similarly, a strong correlation exists between human epidermal growth factor receptor 2 (Her2/neu) overexpression, detectable in 30% of adenocarcinomas [34] , and the frequency of anti-Her2/neu antibodies found in breast cancer patients [35] . Goodell et al. [35] reported no autoantibody occurrence in breast cancer cases with low Her2/neu expression and 82% antibody occurrence in cases with high target protein expression levels.
Mucin 1 (MUC1) is an integral membrane protein whose expression is normally confined to the apical surface of breast ductal epithelium, a site that is relatively isolated from the immune system. MUC1 overexpression is detectable in 90% of all adenocarcinomas and is associated with increased aggressiveness of the tumor [36] . MUC1 autoantibodies, commonly detected in breast adenocarcinoma patients, are thought to be produced in response to overexpression of this target antigen [36] . Interestingly, the binding of antibodies to MUC1 is suggested to have an inhibiting effect on tumor invasive functions [37] .
In early-stage ovarian cancer, p53-specific antibodies are produced due to the presence of mutant p53 in these tumors [38] . A recent study by Anderson et al. [6] , compared p53-specific autoantibody production in patients with serous ovarian cancer to patients with nonserous ovarian cancer type and found that in the latter cases, p53 antibodies were still detectable but at much lower levels than in those with serous ovarian cancer, consistent with the lower frequency of p53 mutations in non-serous tumors [39] . Studies have demonstrated that the half-life of mutant p53 is markedly increased to several hours while the wild-type p53 displays a half-life of only a few minutes, resulting in aberrant accumulation of mutated p53 in the cell nucleus. Notably, immunogenic epitopes have been mapped primarily to both the N-and C-terminal portions of p53, but not to the central portion of the molecule which harbors the mutations, suggesting that the accumulation of the protein rather than the mutations per se may result in the generation of anti-p53 autoantibodies [40] .
Aberrant expression site of the corresponding antigen
Autoantibody production in cancer patients may also be due to expression of the protein in an aberrant location.
Cancer testis (CT) expression is normally confined to distinct and immune privileged locations within the body, such as the gametes of the testis or ovaries and in trophoblasts of the placenta [41] . Their aberrant expression in somatic tissues has been associated with spontaneous autoantibody production in patients with various cancer types [42] .
Similarly, autoantibody production against the oncofetal antigen insulin-like growth factor mRNA-binding family member 2 (IMP2) has been detected in the sera of 21% of hepatocellular carcinoma patients but is not detectable in patients with precursor conditions such as liver cirrhosis and chronic hepatitis. Oncofetal antigens are expressed throughout prenatal development and cease expression in all tissues shortly after birth, whereas their re-expression in adulthood has been associated with malignant transformation. This abnormal reexpression has been suggested to be the cause of autoantibody production in hepatocellular carcinoma patients [43] .
Altered protein structure
Neoepitope exposure
It has been observed that autoantibodies are largely raised against intracellular self-antigens [28] that may be aberrantly expressed in cancer cells resulting in abnormal presentation of reactive neoepitopes to the immune system [44] . A neoepitope may be created by somatic mutations that change the protein structure or an epitope normally located within an unexposed region of the protein, may become exposed by a conformational change or stereochemical alteration of the protein structure, thus stimulating an immune response [45] . Furthermore, genetic instability, a hallmark of carcinogenesis [46] , results in expression of neoantigens (containing neoepitopes) in tumor cells that in turn initiates an immune response against the tumor or the surrounding autologous tissue [47] .
Certain structural motifs of antigens, including carbohydrate side chains, multivalency, epitope repetition, highly charged cell surfaces and coiled coils, have been found to enhance antigenicity [48] . Interestingly, autoantibodies elicited as a result of modified proteins are often able to bind to both the modified and unmodified form of the protein, possibly due to the gradual expansion of the spectrum of specificities recognized in B and/or T cell immune responses, also referred to as epitope spreading [49] .
Furthermore, naturally occurring and cancer-associated molecular mimicry represented by the attachment of mimotopes, macromolecules such as peptides that mimic the structure of an epitope onto an APC, may also elicit a humoral immune response since the antibody for a given epitope will equally recognize the mimotope [3] .
Mutations
All cancers carry somatic mutations which vary in frequency depending on the cancer type and its cause [50] . p53 is commonly mutated in a variety of cancers [51] . Altered p53 proteins produced from missense mutations may have acquired neo-antigenic determinants that stimulate antibody production [2, 52] . Interestingly, despite the strong autoantibody specificity toward mutated p53, only 20-40% of patients with cancers harboring p53 missense mutations have p53 autoantibodies in their sera, indicating that other causes, such as protein accumulation as mentioned previously and HLA polymorphisms, must exist for autoantibody production to be facilitated in patients [40] .
Notably, while missense point mutations leading to altered protein products are highly correlated with production of autoantibodies, stop, splice, and frameshift mutations do not generally appear to cause autoantibody production in lung cancer [53] . By contrast, immunological responses to antigens altered by frameshift mutations, have been detected in colorectal cancer patients [54] .
Furthermore, the translation of mRNA from an alternative open reading frame (AORF) can lead to the generation of proteins bearing immunogenic determinants that can trigger humoral immune responses in cancer patients. For example, antigenic peptides encoded from the AORF of cancer-testis antigen 1B (CTAG1B), also known as NY-ESO-1, have been shown to elicit immunological responses in cancer patients [55] . Moreover, antibodies to the opioid growth factor receptor (OGFr) protein recognize an alternative-reading frame of the molecule in patients suffering from melanoma, prostate cancer, lung cancer, breast, and ovarian cancer [56] .
Post-translational modifications
Post-translational modifications of proteins such as glycosylation, methylation, phosphorylation, sumoylation, citrillination, adenosine diphosphate-ribosylation, ubiquitination, and acetylation [57] are known to occur aberrantly in cancer, creating a vast diversity of modified proteins and greatly expanding the number of targets for cancer-specific autoantibody production [13] . In fact, over 140 unique amino acid derivatives are produced as a result of post-translational modifications, which can be enzyme-mediated or spontaneous and can generate a neoepitope or enhance self-epitope presentation, inducing an immune response [44, 57] .
The most common cancer-related changes involve glycosylation [58] and phosphorylation [59] , which can affect antigen processing, binding, and interaction of the MHC presented antigen with the TCR, therefore activating the T helper response needed to mount a humoral autoantibody response. Aberrant glycosylation, for example, has been observed in many cancers, causing the presentation of modified epitopes as TAAs that can override tolerance and induce antibody production in cancer patients. Tarp et al. [60] reported the presence of immunodominant epitopes on glycosyl moieties of mucin 1, which induce a humoral immune response in mucin-transgenic mice. Antibodies recognizing specific MUC1 O-glycopeptides have been detected in ovarian, breast, and prostate cancer patients [61] , but MUC1 glycopeptides are also detectable at similar frequencies in healthy cancer-free controls and are therefore not cancer specific [62] .
Cell death mechanisms cause aberrant release of intracellular antigens
How exactly the processing and metabolism of proteins can lead to the mounting of an autoimmune response in cancer patients has yet to be determined. Some studies have suggested that the cleavage of known nuclear and cytoplasmic proteins during apoptosis and/or accumulation due to insufficient clearance of secondary necrotic cells may play a role [39, 63, 64] . The ongoing destruction of tumor cells, throughout tumor development and progression, is thought to arise as a result of extensive cell proliferation and cell survival producing overwhelming cellular stresses [63] , including ongoing immunological attacks, altered protein structures, genomic instability, DNA damage, altered transcriptional networks, and signal transduction, hypoxia as well as deprivation of nutrients [64] . Cell lysis following tumor cell necrosis and autophagy results in the spillage of autologous intracellular tumor contents into the blood, exposing cancer-specific, cancer-associated, or neoantigens to the immune system and effectively triggering an immune response and the production of autoantibodies [20, 65, 66] . For example, the release of prostate-specific antigen (PSA) into the serum of patients with malignant prostate tumors arises from cell lysis due to a disruption in the tissues between the prostate gland lumen and its capillaries, leading to anti-PSA antibody production [67] .
Tumor cell lysis may also be promoted through secretion of cytokines, such as tumor necrosis factor (TNF) and interferon-γ, by T helper cells. TNF is an agent that causes tumor cell death by inducing thrombosis in tumor blood vessels, resulting in high levels of interferon-sensitive tumors releasing large numbers of cellular antigens, thereby triggering the production of multiple autoantibodies [68] . In a case study of one patient with hepatocellular carcinoma following radiation therapy, increases in TNFα were observed [69] . In another case study of a melanoma patient, increased melanoma antigen A3 (MAGEA3) autoantibody levels as well as autoantibodies against cancer antigen containing the PAS domain 1 (PASD1) were reported to be present in the patients sera following intracranial stereotactic radiosurgery and the commencement of Ipilimumab treatment [70] . In both case studies, the authors observed additional clearance of non-irradiated tumors, better known as the abscopal effect, after localized radiation therapy to the main lesion. Both the abscopal effect and an observed rise in autoantibody levels was suggested to be due to tumor antigen release and cytokine production upon cell death caused by irradiation of the tumor [69, 70] .
Furthermore, macrophages, and dendritic cells release immune suppressive mediators such as transforming growth factor beta (TGF-β) and interleukin-10 (IL-10), following their capture of apoptotic cells, thereby stimulating Tregs [71] . The capture of necrotic cells on the other hand, activates effector immune responses, including the humoral response, by initiating the release of pro-inflammatory cytokines such as IL-1β, IL-6, IL-12, and IL-23, capable of attenuating the effects of TGF-β and IL-10 [72] . Since cancer cells involve both apoptotic and necrotic cell death concurrently, the immune system is faced with opposing signals of immune tolerance and immune effector responses, and as a result, neither process gains full control.
The presentation of TAAs on the surface of dying tumor cells may be responsible for directing the immune response toward an activated effector response state thereby promoting autoantibody production (Fig. 3) .
Cells that have natural killer group 2 member D (NKG2D) ligands presented on their cell surface, signal the presence of DNA damage within the cell and thus become detectable by surveillance immune cells [73] . In order to avoid recognition by the immune system, tumor cells shed, mediated by disulphide isomerase (ERp5) [74] , the MHC class 1 chain-related protein A (MICA) protein leading to the downregulation of NKG2D ligands on the cell surface [75] . An interesting study by Jinushi et al. [76] showed that patients on granulocyte macrophage colony-stimulating factor-secreting tumor cell vaccines or cytotoxic T lymphocyte associated protein 4 (CTLA-4) immunotherapy, generated high titers of ERp5 and MICA antibodies and the production of these autoantibodies not only restored the immunologic cytotoxic attack against tumor cells due to the maintenance of NKG2D ligands on the cancer cell surface but also promoted cross-presentation of ingested tumor antigens by ACPs, thereby further strengthening the immunological anti-tumor attack. The release of additional danger signals such as adenosine triphosphate (ATP) and high mobility group B box protein 1 (HMGB1) from cancer cells undergoing autophagy may further aid in tipping the scales toward an effector immune response including AAb production [65] .
Apoptotic cancer cells have also been found to present altered cleavage products and post-translationally modified self-proteins on surface blebs which promote autoimmunity [77] . Additionally, regulatory defects in apoptosis resulting in the maintenance of mutant/defective cells may render these autologous cells immunogenic.
Concluding remarks and future perspectives
AAb levels are detectable many months prior to the clinical manifestation of a tumor, persist for an extended period after removal of the corresponding antigen bearing tumor and in many ways reflect the overall immunogenicity and immune response toward the tumor.
To provide useful insights on the interplay between the humoral immune response and cancer, future studies should seek to investigate the causes of the production of AAb biomarkers. The exact mechanisms responsible for cancer-related autoantibody production are still largely unknown. As reviewed here, to date, several theories have been proposed which include 1) tolerance defects and inflammation, 2) changes in expression levels, 3) altered protein structure, as well as 4) cellular death mechanisms. It appears that it is the abnormal expression and/ or alteration in the structure of the corresponding antigen that is most accountable for an immune response. However, failure of tolerance mechanisms, inflammation, and cell death affect the context in which the antigens are presented to the immune system, initiating the production of AAbs, in concert with other immune responses against transformed cancer cells. Due to the heterogeneity of cancer cells and the varied genetic and epigenetic differences between individual cancer patients, it is likely that anti-cancer humoral autoimmune responses originate from an array of such causes.
Furthermore, whether an increase or decrease in AAbs is beneficial to the overall patient survival is still controversial and seems to differ with each AAb. For instance, increases in AAb levels may be associated with complete tumor remission in some anti-cancer therapies [70] . While an increase of NY-ESO-1 autoantibodies has been shown to reflect increases in tumor burden in several cancers [78] , decreases in AAb levels are observed with cancer progression in some cases. The cancer progression associated drop in AAb levels has been suggested to be due to "cancer immunoediting," comprised of three phases, namely, elimination, equilibrium, and the escape phase, resulting in the survival of resistant, immune tolerant metastatic cancer cells [79] . AAb levels may therefore aid in monitoring the immune response when assessing the efficacy of existing and novel therapeutic agents and may prove effective in disease staging or as a predictor of recurrences and a favorable clinical outcome.
Finally, the presence of some autoantibodies has been correlated with indolent tumor growth and increased patient survival [80] . Therefore, understanding the causes of AAb production in different cancers may lead to the development of novel therapeutic agents or the timely application of existing treatments.
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Take-home messages
• A repertoire of AAbs is shared by autoimmune disorders and cancer.
• The causes of cancer-related AAb production remain yet to be elucidated.
• Tolerance defects, inflammation, and cell death affect TAA immune presentation.
• Abnormal TAA expression and structure appear most accountable for AAb production.
• AAbs may be useful diagnostic, prognostic, and surveillance cancer biomarkers.
